Aminoacyl-tRNA synthetases guard the fidelity of cognate amino acid incorporation during protein biosynthesis; for example, phenylalanyl-tRNA synthetase (PheRS) activates and transfers only Phe to its tRNA. Since we are interested in using a computational protocol to identify nonnatural amino acids that are incorporated by wild-type PheRS, it is critical to understand the fidelity of PheRS in binding the 20 natural amino acids. To this end, HierDock, a computational protocol for predicting binding sites and relative binding affinities, was used for testing the natural amino acids in PheRS. Scanning the entire ligand-accessible protein surface for the best binding region, we find that HierDock correctly identifies the active site of Phe in PheRS and predicts Phe within 0.61 Å RMSD of the crystal structure. HierDock also successfully shows PheRS discriminates for Phe, as the noncognate amino acids bind less favorably in the binding site of Phe. However, we find that Met, Cys, and Tyr bind competitively but at positions distant from the Phe binding site. This result corroborates in vitro measurements of aminoacyl adenylate formation, which show Met competes with Phe at the amino acid binding stage. We predict that the binding site of Met would not activate PheRS, as the noncognate amino acid cannot establish suitable hydrogen bonds with the PheRS reaction center. These results validate the use of HierDock in predicting the binding sites of the cognate amino acids in PheRS. The HierDock procedure calculates the discrimination of aminoacyl-tRNA synthetases at the stage of binding the cognate amino acid and offers a molecular level understanding of the mistakes made in protein biosynthesis that are not readily uncovered through experiments. This technique is also useful for predicting the binding of a selected nonnatural amino acid analogue, thereby indicating whether the molecule would be incorporated into a wild-type aminoacyl-tRNA synthetase.
Introduction
The integrity of translation in protein synthesis relies on the precise delivery of amino acids to the ribosomes, according to the coded mRNA sequence. 1 The integration of amino acids into a newly synthesized polypeptide chain is reliant on three crucial steps: (1) cell uptake of the amino acids, (2) association with the cognate tRNA via the respective aminoacyl-tRNA synthetase, (3) recognition by the ribosome and the appropriate elongation factors therein.
The cellular uptake of amino acids has been shown experimentally to be indiscriminate in this process, whereas the latter steps are more selective. Of the selective steps, the unification of a given amino acid with its cognate tRNA is critical for the precise and accurate translation of the genetic code 2 to preclude the incorporation of incorrect amino acids into the protein.
The 3′-esterification of a tRNA with its respective amino acid yields the aminoacyl-tRNA complex, which delivers the amino acid to the site of protein synthesis. This reaction is mediated by a class of high-fidelity enzymes known as aminoacyl-tRNA synthetases (aaRSs), which, like the tRNA monomers, are unique to each of the 20 amino acids. The esterification reaction occurs in a two-step process, in which an adenosine triphosphate (ATP) serves as an intermediary in the aminoacylation of tRNA: 2 Each transformation involves multiple steps such as the aaRS recognition and binding of its cognate amino acid and mechanisms for correcting errors utilizing differences in physical binding and chemical proofreading. 3 Thus, the steps involved in the transfer of an aminoacyl group to the tRNA can be written as (1) binding of an amino acid and ATP to the aaRS, (2) conformational changes in the aaRS induced by binding and formation of the aminoacyl adenylate complex, (3) proofreading of misactivated noncognate aminoacyl adenylate complexes, and (4) transfer of the aminoacyl group to the tRNA and proofreading of the product.
The physical binding of the amino acid and ATP to aaRS achieved in steps 1 and 2 includes a conformational change in the aaRS upon binding. The chemical proofreading mechanism is accomplished in steps 3 and 4, which involve hydrolysis of two reaction products: either the aminoacyl adenylate complex in the pretransfer proofreading or the aminoacyl-tRNA in the posttransfer proofreading. Each step serves to increase the specificity in the recognition by the aaRS of its cognate amino acid, while discriminating more efficiently against noncognate amino acids. However, the degree to which each aaRS uses the specificity-enhancing steps varies considerably over the 20 naturally occurring amino acids and depends on the specific aaRS. For example, tyrosyl-tRNA synthetase has the highest specificity in the first binding step, 4 whereas isoleucyl-tRNA synthetase 4 achieves maximum discrimination in the pretransfer proofreading step. It is known that the rate of mischarging the tRNA 5 is much lower than the rate of misactivating the noncognate amino acid 6 by the aaRS. Hence, it is critical to understand the molecular mechanism by which the amino acids are recognized by aaRS.
Each aaRS has a binding cavity unique to its cognate amino acid. The active site generally contains hydrophilic residues that stabilize the amino and carboxyl termini of the bound amino acid with additional residues (hydrophobic or hydrophilic depending on the nature of the cognate amino acid) defining a cavity that further stabilizes the side chain 7 of the preferred amino acid, constraining it to an ideal location for further catalysis. The proper positioning of the carboxylate terminus of the amino acid facilitates reaction with a bound ATP structure to give the anticipated aminoacyl adenylate product. Several groups have reengineered aaRS or tRNA by performing mutations that modify specificities for the cognate amino acid, 8 its competitor, 9 or an amino acid analogue. [10] [11] [12] [13] [14] Phenylalanyl-tRNA synthetase (PheRS) is a class II aaRS, which is the category of aaRSs whose members do not undergo large conformational changes upon substrate binding. PheRS is tetrameric, (R ) 2 , consisting of two domains each with R and regions, the former of which is involved in amino acid binding. X-ray crystallographic structures of PheRS from Thermus thermophilus including a bound phenylalanine (Phe) and a Phe-AMP analogue have recently been solved at resolutions of 2.7 and 2.8 Å, respectively. 15 Our primary interest is to determine the molecular mechanism underlying the fidelity of PheRS to binding of the 20 natural amino acids. Our goal is to understand how the various residues comprising the ligand binding domain (LBD) contribute to the recognition of the cognate amino acid 16 to streamline the engineering of nonnative amino acid incorporation. To validate our procedures for doing this, we report in this paper the application of the HierDock computational protocol 17 to predict the discrimination of PheRS in binding of the 20 natural amino acids and forming an aminoacyl adenylate complex. Though the binding site of Phe in PheRS is experimentally established, we have used the HierDock procedure to search the entire protein surface to validate this computational method and suggest its applicability in similar trials.
HierDock utilizes a hierarchical strategy based on a coarsegrain conformational search with DOCK 4.0 coupled with successively finer grained molecular mechanics (MM) optimization for a certain percentage of these best performing conformations including solvation and an all-atom force field using MPSim. Previous studies with a test set of 37 cocrystallized structures demonstrated that DOCK 4.0 alone could only predict 10 of the appropriate ligand conformations within a coordinate RMS (CRMS) of 2.0 Å, while the HierDock protocol predicted all 37 within this criterion. Previous applications on membranebound olfactory receptors, 18 G-protein-coupled receptors, 19 and analogues of Phe binding to apo-PheRS 20 showed HierDock to be effective in predicting binding sites and binding affinities. The current study on the PheRS globular protein serves as an additional test for the HierDock protocol.
Searching the entire protein for a favorable binding region, we find that HierDock predicts the correct binding region of Phe in PheRS. The predicted binding conformation of Phe in PheRS agrees with the crystal result within 0.61 Å CRMS. Predicting the binding site and energy of the 19 other natural amino acids to PheRS, we find that Phe has the best binding energy.
Methods
Preparation of Structures. The zwitterions of all 20 amino acids were selected for the ligand pool, as this configuration is the most stable for the pH conditions in the blood. These were optimized in the extended conformation at the Hartree-Fock level of theory with a 6-31G** basis set, 21 including solvation according to the Poisson-Boltzmann equation 22 using the Jaguar 23 computational suite. The Mulliken charges ascertained from this calculation were retained for the subsequent molecular mechanics simulations. Although in this case the amino acid ligands could be fitted with CHARMM22 charges, we instead applied quantum-mechanically derived charges to ensure a general method, which could later be applied to a host of ligand types.
The PheRS structure obtained from Reshetnikova et al. (PDB code 1B70) included the R and domains, a bound phenylalanine ligand, crystal waters, and a magnesium(II) ion. Both domains, as well as the additional components, were assigned CHARMM22 24 charges, with the nonpolar hydrogen charges summed onto the heavy atoms, according to the parameters set forth in the DREIDING force field (FF). 25 The δ-nitrogen for His178 was protonated, following hydrogen bond analysis with WHATCHECK. 26 The entire protein was neutralized by adding counterions (Na + and Cl -) to the charged residues (D, E, R, K) and subjected to a minimization of the potential energy using conjugate gradients (MPSim) to an RMS force of 0.1 kcal/mol. The CRMS for this procedure, 0.39 Å, is well within experimental error and demonstrates the proficiency of our FF used in present studies. The crystal waters and other bound molecules were removed for docking to maximize the searchable surface of the protein.
The SGB continuum solvation model provided the basis for quantifying desolvation effects of the selected ligands. A dielectric constant of 2.5 was employed for inside the protein and a dielectric constant of 80.4 was used for the solvent in all calculations. The solvation energies were ascertained from single-point energies of gas-optimized structures.
HierDock Protocol. Without any bias from the X-ray crystal data, we assumed the binding site of PheRS was unknown and docked Phe into all defined regions of the protein to determine the most suitable for ligand binding. We employed the hierarchical docking protocol, [18] [19] [20] 27 which has been shown to efficiently scan an entire receptor for all possible binding sites without any structural bias. This scanning procedure is based on docking via DOCK 4.0 28, 29 and coupled with fine-grain MM techniques. The coarse-grain docked complex structures generated are scored with FF and differential solvation, which effectively filters the docked complexes to isolate the top contenders. As demonstrated in Figure 1 , the CRMS for the DOCK 4.0 generated structures from the crystal structure for the ligand vary erratically with the DOCK 4.0 rank, whereas filtering with MPSim optimization appears to group the low CRMS (to the crystal) structures to the top rankers. Here we show that a two-step hierarchical approach is essential to get the best structures to the top. This hierarchical approach involves keeping at least 10% of DOCK 4.0 generated structures with further optimization with an all-atom FF and solvation. The scanning is conducted with a ligand of known binding affinity to the receptor for the isolation of a plausible binding site. Successive docking of the entire ligand pool to this site clarifies the relative affinity of each member with respect to the known binding substrate. This docking protocol is comprised of the following steps.
(1) Mapping of possible binding regions. A probe of 1.4 Å radius was used to trace a 4 dots/Å negative image of the protein molecular surface, according to Connolly's method. 30 The resulting data were used to generate clusters of overlapping spheres with the SPHGEN 31 program. These spheres serve as the basis for the docking method.
(2) Definition of the docking region. The pockets of ligandaccessible empty space of the receptor surface represented by spheres were divided into 13 10 Å wide overlapping cubes, which covered the entire protein surface except for sequences Val86-His101, Leu154-Gly171, and Pro288-Gly302, those regions unavailable for ligand binding. For each region we retained 1000 docked Phe configuraions and selected the 100 with the lowest DOCK energies. We found that site A had the greatest binding energy with over 20 low-energy docked conformations, whereas two boxes had two low-energy structures, and the others none. Thus, we picked site A as the binding region.
(3) Generation of docked conformations for the ligandreceptor complex. The orientations of the ligand in the receptor were generated by DOCK 4.0, using flexible docking with torsional minimization of the ligand, a continuum dielectric of 80.4, and a distance cutoff of 10 Å for the evaluation of energy. A total of 1000 conformations were generated and ranked according to the DOCK 4.0 scoring function, and the top 100 structures were kept for further optimization.
(4) MPSim optimization of the complexes. The top-ranking DOCK structures were subjected to further optimization, using the more accurate DREIDING full-atom FF with SGB solvation. The first stage of gas-phase optimization utilized a fully flexible ligand with a fixed protein, followed by a single-point energy calculation of the solvation using a non-distant-dependent dielectric of 80.4. A buried surface calculation for the ligands with a minimum threshold of 75% selected only those structures that were sufficiently buried within the protein. The 10 lowest energy conformations underwent further all-atom gas optimization with a single-point solvation energy calculation to screen for the best binding candidate.
(5) Selection of the most probable binding site and best configurations. The top five conformations with the lowest energy score were selected for subsequent full ligand-protein optimization with solvation.
(6) Docking of the ligand pool into the binding site. Steps 3-5 were repeated for each member of the ligand pool to obtain relative binding affinities.
(7) Ranking of ligand affinities. The relative binding energies for the best ligand conformations are defined as the difference between the ligand in protein versus in solution given by where ∆G(protein + ligand) is the free energy for the proteinligand complex, ∆G(protein) is the free energy for the protein, and ∆G(ligand) is the free energy for the ligand alone. Since the structure optimizations included solvation forces using the SGB continuum solvent approximation with the experimental dielectric constant, we consider that the calculated energies are free energies. 32 The amino acids can then be ranked according to binding affinities to determine which ligands have the highest affinity for the binding site.
Results
Docking PheRS with Phe and the Location of the Binding Site. The initial conjugate gradient minimization on the crystal structure of PheRS with Phe bound (PDB code 1B70) yielded a structure whose CRMS for all heavy atoms between Phe/ PheRS(crystal) and Phe/PheRS(FF) is 0.39 Å, which is well within the resolution of the crystal structure. The entire negative surface of the R domain of the minimized PheRS was partitioned into 13 potential docking regions, as indicated by the boxes in Figure 2 . The top 100 Phe conformations from DOCK 4.0 were scored using the DREIDING FF with SGB solvation. Of the 13 boxes covering the PheRS surface, we found that region 1 (the highlighted green box in Figure 2 ) contains the lowest energy conformations of Phe, which agrees with experimental data. The structures in this binding region were minimized using MPSim 33 with all-atom flexibility to optimize the ligand-protein complex. The most favorable conformation of bound Phe from this procedure (shown in Figure 3 ) differs from the crystal data by CRMS ) 0.61 Å. We denote our predicted cocrystal structure of Phe in PheRS as Phe/PheRS(predicted).
Here we use primarily the vertical binding energy to discriminate between potential binding candidates, which is Figure 4 we include the adiabatic binding energy, which is equivalent to the vertical binding energy but allows for relaxation of the protein and ligand components upon dissolution of the complex. We find that nonbond terms (vdW and electrostatic) dominate the binding energy (compared to valence terms), with the Coulombic term as the largest term, for which the established hydrogen bonds contribute greatly. The hydrogen bond distances ( The hydrogen bonds to His178 (3.9 Å vs 3.5 Å) and Arg204 (3.8 Å vs 3.28 Å) are roughly similar. (iv) The side chains of Phe258, Phe260, Val261, Gly282, Ala283, Gly315, and Gly316 form a hydrophobic pocket, in which the phenyl ring of the liganded Phe is stabilized.
Thus, the worst agreement is with the hydrogen bond formed by the amino terminus of Phe to Trp149, which is 0.9 Å longer than in the crystallographic structure.
Docking All Natural Amino Acids. The procedure for determining the binding mode of Phe was repeated for the other 19 natural amino acids. In each case we considered just region 1, but sampled 1000 configurations with DOCK and kept the best 100. Then we did MPSim minimization with the DRE-IDING FF, Q M charges, and SGB solvation. The binding energies calculated for the best conformation of each amino acid are shown in Figure 4 . We see here that Phe has the best binding energy of all 20 amino acids, although the binding energies of cysteine, methionine, and tyrosine are very close.
To provide a qualitative description of the relative positions of the amino acids in the PheRS binding site, the best scoring amino acids, Ala, Cys, Phe, Met, and Tyr, are compared to Phe in (Figure 6 ). These amino acids have roughly the same orientation, but the burial into the hydrophobic pocket and the backbone positions vary considerably from those of the Phe structure. This perhaps accounts for the relative preference in desolvation energy for Phe with respect to the noncognate amino acids, for which Ala and Tyr are especially excluded by this term by at least approximately 2.0 kcal/mol (Figure 7) . Thus, the CRMS over the backbone atoms of bound Met differs from that of bound Phe by 1.4 Å. We expect that this orientation of the carboxyl and amino termini is critical for the subsequent reaction to form the aminoacyl adenylate complex.
To determine the ability of the HierDock protocol in ranking the amino acid binding energies with respect to experimental data, we have included a plot (Figure 8 ), as well as the raw data (Figure 9 ), of the experimentally determined Michaelis constant, K m , 34 for PheRS in Sacchromyces cereVisae versus our predicted binding energies for the amino acids in T. thermophilus PheRS. Though the PheRS sequences of both species are certainly highly homologous, variations in the nature of the residues comprising the binding site lead to substrate binding energies that could potentially vary. Nevertheless, after removing several of the data points corresponding to charged and polar residues (Cys, Lys, Glu, Tyr, Ser) from the data set, we were able to obtain a rough correspondence of 0.61, which grew to 0.68 if Gly was also removed. The less than ideal correspondence, despite using different species, could indicate the shortcomings of the model in accurately predicting the binding energies of polar molecules, as well as suggest that refinement of the force field is necessary for more accurate ranking of binding affinities. On the other hand, this correlation indicates that we are making progress in the right direction.
Binding Energies of Natural Amino Acids in the Active
Conformation. The specificity of the aaRS receptor is expected to be quite dependent on ligand orientation, especially at the reaction center for the formation of the aminoacyl adenylate complex. The docking procedure discussed above gives the best possible binding orientation for each amino acid although this orientation may not lead to activation of PheRS. Hence, to recognize competitors to binding and activation of Phe among the natural amino acids, we considered a second series of predictions for the 19 noncognate amino acids in which we built each residue onto the Phe backbone. By this method, we determine the suitability of each competing amino acid in the binding mode necessary for activating and charging PheRS, which is dominated by the ligands' interaction with the hydrophobic residues comprising the LBD. Although the noncognate amino acids may not bind in this conformation, it is useful to identify the unfavorable energies involved in binding such ligands in the metabolically active conformation of Phe. These results are summarized in Figure 10 , where we find that Phe has the highest affinity for the binding site by a margin of ∼20 kcal/mol. As an illustrative example, the perturbation of Phe into the predicted tyrosine site generated a highly unfavorable binding energy of +120 kcal/mol, thereby suggesting that Phe is exclusive for its predicted binding site. Furthermore, perturbation of Tyr into the Phe backbone and successive minimization led to the extrusion of Tyr from the LBD, therefore indicating the effectiveness of the hydrophobic residues in discriminating the analogues of the phenyl ring ( Figure 11 ).
Component Analysis of the Binding Energy Contribution from Residues within the Binding Pocket. To provide insight into the nature of the binding of a ligand to a protein active site, it is useful to analyze the contributions of the neighboring residues to the ligand binding energy. To obtain this information, we calculate pairwise the summation of interactions between all atoms of the ligand and all atoms of each individual residue comprising the binding pocket. Since the valence terms (e.g., torsional strain) did not contribute significantly to the binding energy, we focus primarily on the nonbond terms.
The pairwise contributions of the Coulombic, van der Waals (vdW), and hydrogen bond terms for the residues constituting the PheRS binding cavity were ascertained for the abovementioned Phe, Met, Cys, and Tyr perturbations. These data indicate that bound amino acid has the most favorable nonbond interactions with His178, Trp149, Gln218, Phe258, Phe260, Arg204, Gly282, Gly316, Ala283, Glu220, and Ser180, which contribute most of the overall binding energy. The van der Waals and electrostatic interactions are responsible for much of the nonbond stability, but hydrogen bonding involving His178, Trp149, Gln218, Arg204, and Ser180 provides further stability. Of the selected amino acids Phe yielded the most negative binding energy, with the vast majority of this stability arising from the van der Waals interactions. The electrostatic terms, although significant in the overall binding energy, varied little among the amino acids selected for this trial. The nature of this perturbation study is that all differences arise from the backbone of Phe, leading to identical hydrogen bond contributions for each case. The side chains of potentially hydrogen bonding residues, such as Tyr, did not lead to significant hydrogen bonding, since no hydrogen donors or acceptors in the binding pocket were close enough to interact. Consequently, the variations in binding energy arise primarily from the hydrophobic portion of the active site, in which the side chain of a given amino acid is stabilized. Residues Phe258, Phe260, Val261, Gly282, Ala283, Phe315, and Gly316 are the key residues constituting this binding region. The preference for Phe in this pocket is clearly demonstrated in Figure 12 , with the phenyl rings of residues Phe258 and Phe260 providing much of the stabilizing effect. Methionine also appears to be stabilized to a similar degree by these phenyl rings; however, its less favorable interactions with the additional hydrophobic residues reduce its binding affinity in this region. These results suggest that Gly282 plays some role in discrimination against incorrect amino acids, most notably for tyrosine, for which we find a positive van der Waals energy. 
aa-AMP Complex Binding.
A critical step in the linkage of an amino acid with its respective tRNA is the generation of the aa-AMP complex. This requires the amino acid recognition site, or more specifically the carboxyl terminus, to be in a position conducive to reaction with the AMP phosphorus atom. To examine this, we superimposed the experimental crystallographic AMP coordinates 15 onto the best predicted amino acid/PheRS structures ( Figure 13 ) and measured the resulting amino acid oxygen to AMP phosphorus distances (Figure 14) using SCRWL. 35 The experimental data indicate that this distance should be ∼1.6 Å; thus, we find a reasonable O-P bond distance only for the predicted Phe structure (1.3 Å).
Discussion
Comparison of the Predicted Phe Structure to the Crystal Data. A decisive test of the accuracy of the HierDock protocol is whether it can locate the binding cavity and reproduce the available crystal data within experimental error. A suitable binding pocket must establish good hydrogen bonds with the recognition site for the amino acid (that is, the carboxyl and amino termini) as well as provide favorable stabilizing interactions with the side chain. After an exhaustive search of the entire molecular surface of PheRS with Phe, the greatest number of lowest energy conformations resided in region 1, thereby isolating the region as the most favorable binding site. This finding corroborates the available experimental data.
The 100 docked conformations from the preceding step were subjected to further optimization, allowing all atoms of the ligand and protein to optimize and including SGB solvation. The lowest energy structure differs from the crystal data by CRMS ) 0.61 Å, which is in good agreement with the X-ray data. This demonstrates the effectiveness of the HierDock methodology, which filters out the nonnative conformations.
Comparison of the predicted structure with the crystallographic structure in the binding pocket reveals that the side chain of Phe is almost identical in position. However, the amino and carboxyl termini differ by a torsion of roughly 15-20°, which may stretch some hydrogen bond distances for the Phe ( Figure  3) .
These results suggest that the HierDock protocol is suited for locating the binding site and the binding conformation, leading to excellent agreement with the crystal data. The scoring function in HierDock effectively selects the most suitable conformations, making it useful for predictive studies. Thus, combining coarse-grain docking with molecular mechanics optimization and solvation provides a powerful and efficient strategy for predicting the binding site and providing insight into the mechanics of ligand recognition and binding affinities. These components of the HierDock protocol should be valuable in studies for which the binding site characteristics of a protein are unknown.
Binding Mode and Energies of Other Amino Acids in PheRS. The binding energy results (Figure 4 ) obtained for the independent docking of all 20 amino acids to the binding site show that Phe has the best binding energy in PheRS. However, the binding energies for Cys, Met, and Tyr are similar to that for Phe within 5.0 kcal/mol. This suggests that some amino acids may compete with Phe in binding, although we find that they have a binding mode different from that of Phe. Since the proper orientation with respect to the reaction center is probably necessary for formation of the aa-AMP complex, it thus may be that the positioning of critical functional groups of the amino acid is the ultimate factor in discriminating activation of Cys, Met, and Tyr with respect to Phe. Indeed Freist et al. have measured the rate of charging the t-RNA with Phe and also the rate of formation of the aminoacyl adenylate complex for the natural amino acids in yeast PheRS. 27 Analysis of their experimental Michaelis constant data shows that Met is a competitor in the step of amino acid binding to PheRS, which agrees with our results in Figures 8 and 9 .
We also find that Cys, like Met, achieves a favorable binding affinity but has the incorrect recognition site placement, and hence is not likely to participate in reaction with auxiliary substrates. Of these predicted competitors, we find that only tyrosine shares a conformation similar to that predicted for Phe. However, Tyr is unable to wedge into the hydrophobic pocket to the same degree as Phe, thereby leaving the side chains exposed to the solvent and the amino and carboxyl groups in poor positions for substrate interactions. Thus, to ensure binding in the proper orientation, we also calculated the binding energies of all amino acids when forced to have the same binding mode as Phe in PheRS.
Although several amino acids have good binding energies elsewhere in the protein, such binding is not expected to result in activation. Since both the binding mode and binding affinities are determinants in aaRS selectivity, each amino acid was perturbed into the predicted Phe backbone to compute their relative affinities in the activation site. This perturbation generated the most promising results, indicating that Phe was favored by over 20 kcal/mol over the competing amino acids. To avoid any bias, we also performed the perturbation of the Tyr binding mode into Phe. Though the predicted backbones of Phe and Tyr differ only slightly in position, this perturbation led to an exceedingly unstable binding energy for Phe. These cross perturbations suggest the binding mode for Phe is highly specific and confers little flexibility in the positioning of the amino acid. To avoid biasing the results, the Phe was perturbed into the binding mode of Tyr. As expected, the hydrogen bond terms will be comparable for both amino acids. In this case, however, both electrostatic and van der Waals contributions play important roles in the stabilization of the Tyr amino acid. Namely, the predicted binding mode for Tyr gains some degree of stability via an electrostatic interaction with Glu220 of approximately -1.595 kcal/mol in comparison to -0.134 kcal/mol for Phe. Nevertheless, the van der Waals terms dominate the difference in binding energy between Phe and Tyr. Tyr clearly has a more favorable van der Waals interaction with residues Ala283, Phe260, Glu220, Phe258, and Gly282. The energy terms for residues Phe258 and Gly282 for the Phe perturbation, 7.780 and 9.013 kcal/mol, respectively, indicate a possible steric clash that would prevent a Phe ligand from binding in this mode.
Additionally, as reported in (Figure 7) , the solvation energy of Phe in the PheRS binding site is preferred over that of Tyr, which would arise from the cost of desolvating the phenol group. Thus, Tyr is discriminated from the binding site presumably due to vdW clashes as well as an unfavorable solvation energy.
According to these results, it could be assumed that the predicted binding mode for Phe is exclusive for Phe and, moreover, that there is little flexibility in its preferred binding orientation. On the basis of these perturbation data, PheRS appears to distinguish between Phe and other falsely bound structures by discrimination at the actual preferred binding site of Phe, primarily through van der Waals interactions in the hydrophobic pocket. Hence, amino acid recognition gains its specificity by discriminating within the hydrophobic pocket, whereas recognition of a given amino acid by its amino and carboxyl tails is rather unspecific.
Residue analysis of the hydrophobic binding pocket provides insight into the receptor's preference for Phe. On the basis of the hydrogen bond data for Phe, the backbone appears to make good bonds with His178, Trp149, and Gln218, with compromised contacts with Arg204 and Ser180. Given that the amino acids perturbed into the predicted Phe orientation share a common backbone, the hydrogen bond contributions will be identical in each case. The contributions to the total binding energy vary most widely for the van der Waals component. Thus, the van der Waals term, especially within the hydrophobic binding pocket, serves as a discriminating factor in the distinguishing of amino acids.
Phe258, Phe260, Val261, Gly282, Ala283, Phe315, and Gly316 are the key residues comprising the hydrophobic portion of the binding site and are essential in the pocket's specificity for Phe. In this regard, the van der Waals contributions for each residue are most favorable for Phe, especially for residues Phe260, Gly282, Ala283, and Phe315. Residues Phe258, Val261, and Gly316 contribute relatively favorable van der Waals terms for methionine. Thus, it is assumed that the interaction with the remaining residues results in the exclusion of Met in the precise binding mode of Phe.
A remarkable trait of PheRS is its ability to distinguish between Phe and Tyr, which differ only by the para substitution of a hydroxyl group on the phenyl ring. In Figure 12 , the disparities in van der Waals energies between Phe and Tyr are apparent, mostly for residues Phe258, Phe260, Gly282, and Ala283. An apparent clash of the van der Waals surfaces of bound Tyr and Gly282 could be the basis of tyrosine's exclusion from the PheRS binding pocket. This clash with glycine, or ultimately the protein backbone, suggests the folding of the PheRS pocket prevents the misacylation of tyrosine. It is also worth noting that, upon optimization of the perturbed Tyr structure, the phenol ring is expelled from the hydrophobic pocket (Figure 11) . The most stable conformation of the tyrosine perturbation appears to be with the phenol group situated in the hydrophilic region of the pocket, versus burial in the hydrophobic region as noted for Phe. Presumably, this property could be the basis of selectivity for Phe versus Tyr.
Facility of aa-AMP Complex Formation for All Amino Acids. The positioning of the recognition sites has been stressed as an important requisite to favorable interactions with adjoining substrates. In the aaRS case, adequate hydrogen bond interactions with the bound amino acid termini should position the carboxyl group of the ligand for facile reaction with AMP. In the formation of the aa-AMP complex, the carboxyl oxygen of the amino acid attacks the innermost phosphorus atom of AMP via nucleophilic substitution. 2 This displaces a pyrophosphate group, thereby creating an oxygen-phosphorus bond which bridges the original amino acid and AMP molecules.
To establish the reliability of our results, we compared these O-P bond distances for the highest ranking ligands from the independent docking calculations. The predicted structure for Phe places the termini in the optimal position for reaction with AMP and results in an O-P bond distance that is only marginally smaller than the experimental case. For the competing amino acids, the bond lengths are in excess of that observed in the crystal, which would inhibit any nucleophilic attack on the AMP phosphorus group, or at least result in a very unstable bond.
Conclusions
We have demonstrated the HierDock procedure, which combines coarse-grain docking with fine-grain molecular dynamics with all-atom FF and solvation, to be very useful in locating the active site by searching the whole protein. For PheRS, a class II aaRS, the binding site of Phe has been predicted with a CRMS of 0.61 Å from the crystal structure after a search of the whole protein for the binding site. We predict hydrogen bond distances of Phe to Ser180, Gln 218, Glu220, Trp149, His178, and Arg204 in the binding site that are similar to the experimental data.
We have also calculated the binding energies of the 20 natural amino acids in PheRS. These energies show that Phe binds most favorably with a binding energy of -35.065 kcal/mol, while the close competitors such as Met, Cys, and Tyr do not bind in the same binding site as Phe. As an example, the Met site is 1.4 Å away from the Phe binding site and thus would fail in making the critical hydrogen bonds that would normally activate PheRS. Met indeed has been shown to be a competitor at the step of amino acid binding from in vitro rate measurements. 34 The binding sites predicted for Met, Cys, and Tyr have been shown not to facilitate the formation of AMP complexes. The HierDock procedure allows one to calculate the discrimination of aaRS at the stage of binding the amino acid and formation of the aminoacyl adenylate complex. Such procedures are very important to offer a molecular level understanding of the mistakes made in protein biosynthesis that are not readily uncovered through experiments. The accuracy of the binding site location and perturbation analysis of the HierDock protocol could prove it to be a powerful tool in cases for which the recognizable substrates for a receptor are unknown. Likewise, this hierarchical strategy could be useful in the screening of nonnatural amino acid analogues for aaRS, prior to synthesis.
